Based on the node hourly electricity price in the spot market, the price response characteristics of large industrial users are modeled and analyzed. Under the given node hourly electricity price, the load in each hour of next day is optimized with the goal of minimizing the response cost of large industrial users. The functional relationship of price response under the hourly price is obtained by curve fitting. Taking a typical large-scale industrial user as an example, the model of response characteristics of the large industrial users under hourly price is calculated and obtained with MATLAB, which verified the feasibility of this modeling method.
INTRODUCTION
With the construction of the electricity spot market accelerating, the user-side demand response resources are playing a more and more significant role participating in the market peak shaving. As the main load of user-side, the price response characteristics of large industrial users not only have a significant impact on the overall load characteristics, but also have a strong effect on market price signals and response behaviors. In the future electricity market environment, the spot market and node hourly electricity prices are a very viable market organization and electricity price policy [1] [2] . Therefore, it is especially important to deeply study the response characteristics of large industrial users under the node hourly electricity price [3] [4] . ________________________ Node hourly electricity price is the marginal cost of providing 1 kWh electricity to users within an hour, considering operational and basic investments [5] . Domestic and foreign scholars have done a lot of work about large users' price response modeling. Literature [6] proposes a variety of models to describe the dynamic response process of real-time electricity price, and predicted the real-time electricity price response by constructing a predictive model, and revising the forecast results continuously based on the latest load data of response. Literature [7] proposes the HMRDC model to describe the nonlinear process of hourly marginal efficiency based on the LDC mathematical model, and gives the reasonable arrangement of industrial electricity based on the obtained hourly marginal efficiency curve. Literature [8] analyzes the influence of market structure on electricity demand elasticity, and simulates the response behavior of users with coefficient and cross elasticity coefficient.
This paper establishes the non-linear function relationship between output and load of industrial users with a large number of historical data, and optimizes the load value of each period with the goal of maximizing the users' benefit. Demand response model of large users could be obtained through the curve fitting. Taking a large industrial user as an example, the response function model of hourly price is calculated by MATLAB.
ANALYSIS OF LARGE INDUSTRIAL USERS RESPONSE COST IN SPOT MARKET
According to the existing research results about "source-net-load", the relationship between output and electricity consumption of large industrial user has the following characteristics:
(1) There is a positive correlation between output and electricity consumption, that is, with the increase of electricity consumption, the output also increases.
(2) Considering the full use of the production lines, the greater the total output, that is, the greater the total power consumption, the lower the power consumption per unit of products, so the unit power consumption and total electricity consumption are negatively correlated.
(3) Each large user has its own upper and lower limit of total load in each period. According to the above points, the relationship curve between output and power consumption can be shown in Figure 1 . The curve shown in Figure 1 can be described by function (1).
Where t q is the power consumption in period t , ( ) t c q is the production in period t .
Then, the power consumption per unit of products can be described as:
We can assume that the load is unchanged in an hour, and the corresponding relationship between output and load in each time period can be expressed as:
Where t L is the average load after response in period t . The electricity purchase cost after the price response is shown in function (4).
Where t p is the price in period t , t dh is the power consumption per unit of products in period t , t c is the production in period t . Then, the cost increases can be shown in function (5).
Where 0 t L is the average load before response, 0 t p is the original price in period t . The response cost of large industrial users not only needs to consider the change of the electricity purchase cost, but also the change of the production cost.
Since the marginal cost of production cost is increasing, the production cost ( ) 
Then, the additional production cost can be expressed as:
Where 0 t c is the original production in period t . Then, the cost function of large industrial users after price response is shown as function (8) .
THE OBJECTIVE FUNCTION AND CONSTRAINTS
Considering the own benefits of big users, the goal of price responding is to minimize the cost of electricity price response. The objective function is:
For each large industrial user, the maximum load and minimum load are the constraints, which can be expressed as:
For large industrial users, in addition to the upper and lower load constraints, there is a production constraint, and the constraint refers to the total output constraints, as shown in function (11). Where 0 c Σ is the total production daily in original plan.
EXAMPLES
From the EMS system of a large industrial user, we select daily production and consumption data of the enterprise in a year for statistical analysis. Select 300 sets of daily output and corresponding electricity consumption data. The production and electricity consumption data can be standardized as follows: Set the daily electricity consumption as the abscissa, and set the corresponding daily output as the vertical axis. The distribution can be drawn in Figure 2 . It can be seen from the above figure that the distribution of the points is relatively concentrated, and the functional relationship between output and electricity consumption is obtained as shown in formula (16). 
Then, the functional relationship between output and load can be described as:
The cost increases can be shown as: 
In order to reduce the impact of additional production cost, this paper sets
The cost function of the large industrial users after price response can be shown as:
The objective function and constraints are shown as follows: Reference to the hourly price of PJM, the optimal load under day ahead hourly price simulated by MATLAB is shown in The distribution of the optimal load and the corresponding hourly price is shown in Figure 3 .
In Figure 3 , it can be found that the load is negatively correlated with the electricity price. However, since the demand elasticity under different electricity prices is different, the curve can not be performed by a linear function. The cubic function has a good linearity in a monotone region, and this paper uses a cubic function to perform curve fitting for the scatter points [9] [10] . The curve shown in Figure 3 can be functional described as follows: 3 2 
Where avg L is the basic load.
CONCLUSION
This paper optimizes the load of 24 typical time periods with the attention of minimizing the response cost of large customers. Then the response function can be obtained by curve fitting combining the given hourly price and the optimal load of each time period. The modeling method is suitable for large industrial users whose production planning can be flexibly changed. For the large industrial users whose production processes are fixed and cannot be flexibly arranged, the mathematical response modeling remains to be further studied in the future.
